Introduction
============

Ulcerative colitis (UC), one of the primary forms of inflammatory bowel disease (IBD), is a non-specific, chronic inflammatory disorder of the colonic mucosa. Its primary features are abdominal pain, diarrhoea, bloody mucopurulent stool and alternating periods of exacerbation and remission of clinical symptoms ([@b1-etm-0-0-4701]). The incidence and prevalence of UC is increasing globally: The highest annual incidence of UC was 24.3 in 100,000 individuals/year in Europe, 6.3 in 100,000 individuals/year in Asia and the Middle East and 19.2 in 100,000 individuals/year in North America ([@b2-etm-0-0-4701]). UC tends to persist for long durations, and patients are prone to relapse and exhibit a higher risk of developing colorectal cancer (CRC) than the general population ([@b3-etm-0-0-4701]). In addition, the detection rate of UC-associated CRC (UC-CRC), one of the most serious complications, has also increased. The probability of CRC in patients with UC increases with the duration of disease; 1.6% at 10 years after onset, 8.3% at 20 years and 18.4% at 30 years after onset ([@b4-etm-0-0-4701]). Owing to the delayed healing and lifetime debilitating physical symptoms (urgent diarrhoea, rectal bleeding, vomiting, anorexia and lethargy), patients typically suffer poor psychosocial well-being ([@b5-etm-0-0-4701]).

At present, the precise cause of UC remains poorly understood; however, its pathophysiology has been demonstrated to be a complex result of epithelial barrier defects, commensal microflora, antigen recognition, dysregulation of immunological responses, leukocyte recruitment and genetic factors ([@b1-etm-0-0-4701]), of which the balance between anti- and pro-inflammatory signals serves a vital role. Furthermore, inflammation resulting from a failure to maintain this balance is evident in patients with immune dysregulation ([@b6-etm-0-0-4701]).

The CRC involves continuous intestinal inflammation, non-dysplastic mucosa, indefinite dysplasia, low-grade dysplasia, high-grade dysplasia and finally invasive adenocarcinoma ([@b7-etm-0-0-4701]). Furthermore, the progression from inflammation to atypical hyperplasia to cancer in patients with UC is more rapid than the progression of adenoma to adenocarcinoma in the general population ([@b8-etm-0-0-4701],[@b9-etm-0-0-4701]). Thus, as an independent risk factor, intestinal inflammation is the initial step in UC-CRC development, and the risk of CRC increases with the severity of inflammation in patients with atypical hyperplasia or chronic UC. Furthermore, the length of the disease course is a key factor for cancer in patients with UC. The average incidence rate of cancer increases exponentially with the disease lasting \>10 years ([@b10-etm-0-0-4701]). Therefore, as the control of inflammation ameliorates UC, to enhance the quality of life and work efficiency, it also prevents the development of CRC and reduces its incidence.

Although research on UC has progressed a great deal, effective treatment approaches remain to be elucidated. The treatment of UC aims to relieve the symptoms and complications, in addition to preventing recurrence and improving the patients\' quality of life ([@b11-etm-0-0-4701]). UC treatment includes glucocorticosteroids, aminosalicylates, immunomodulators, biopharmaceuticals, surgery and diet therapy. Among these, aminosalicylates and glucocorticosteroids are currently the first-line agents for mild-moderate and moderate-severe UC ([@b12-etm-0-0-4701]), respectively. Use of these agents, however, has a number of problems, including lack of tolerance to the drug, side effects, prolonged treatment duration and high recurrence rates. In addition, the efficacy and safety of immunomodulators and antibiotics, which are currently in the clinical trial stages, require further evaluation ([@b13-etm-0-0-4701]). Therefore, there is an increasing requirement for the development of more effective and less toxic agents for UC treatment.

Indigo naturalis (IN), which is a traditional Chinese medicinal composition comprising the dried powder of processed leaves or stems of *Baphicacanthus cusia* (Nees) Bremek, *Polygonum tinctorium* or *Isatis indigotica* Fort, has been demonstrated to be effective in treating UC ([@b14-etm-0-0-4701]). The primary active ingredients are indigo, indirubin, tryptanthrin, and qingdainone. The clinical disease activity indexes (DAIs) and endoscopic Matts grades have been demonstrated to significantly decrease following oral administration of IN powder in patients with UC who are unresponsive to 5-aminosalicylic acid (5-ASA), prednisolone and infliximab treatment ([@b15-etm-0-0-4701]). The majority of patients were relieved of hormone dependence. Furthermore, IN has a powerful scavenging effect on hydroxyl radicals in patients with UC. IN extract has been successfully used to treat clinical psoriasis ([@b16-etm-0-0-4701]) and induce the apoptosis and autophagy of acute lymphoblastic leukaemia cell lines ([@b17-etm-0-0-4701]).

The present study aimed to provide an experimental basis for the use of IN as a potential therapeutic agent for UC by investigating the possible protective mechanism of IN in dextran sulphate sodium (DSS)-induced UC rats on the basis of colonic mucosal injuries and inflammation. The effects of IN were investigated in comparison with the bowel-specific aminosalicylate drug mesalazine.

Materials and methods
=====================

### Preparation of IN and mesalazine slow release (SR) granules

IN granules comprising crude IN were provided by the Pharmacy Department of Dongfang Hospital, Beijing University of Chinese Medicine (Beijing, China). IN was administered orally at high (INH), medium (INM) and low (INL) doses (16.8, 8.4 and 4.2 g/kg, respectively) of the crude drug (in terms of medicinal material quality in rats). Mesalazine SR granules were provided by Shanghai Ethypharm Pharmaceutical Co., Ltd., (Shanghai, China).

### Animals and treatment

A total of 48 healthy male Sprague-Dawley rats (age, 7 weeks; weight, 180--220 g) were supplied by Vital River Laboratories Co., Ltd. \[Beijing, China; license no. SCXK (Jing) 2012-0001\]. The rats were maintained under a 12-h light/dark cycle under constant temperature of 22±2°C and 50--60% humidity, with *ad libitum* access to water. All experimental procedures were approved by the Animal Ethics Committee of Beijing University of Chinese Medicine under the guidelines issued by the Regulations of Beijing Laboratory Animal Management. IN or mesalazine granules were dissolved in 100 ml normal saline and stored at 2--8°C until use. The rats were provided *ad libitum* access to 3.5% DSS solution (36--50 kDa; MP Biomedical, LLC, Santa Ana, CA, USA) for seven days to prepare the acute experimental UC rat model, as described previously ([@b18-etm-0-0-4701]). The animals in the INL (4.2 g/kg/day), INM (8.4 g/kg/day), INH (16.8 g/kg/day), and mesalazine (Mes; 400 mg/kg/day) groups (n=8 in all groups) were administered the respective doses at the beginning of 3.5% DSS feeding. Normal saline (10 ml/kg/day) was administered orally to chow-fed rats (chow, n=8) and the model control (model, n=8). Chow-fed rats were provided to access to water *ad libitum*, whereas rats in the model group were provided with *ad libitum* access to DSS solution. All groups were administered their respective treatment or saline orally for seven days.

### Detection of DAI

Rat stool samples were harvested and evaluated every day, and fecal occult blood test papers (BaSO Biotechnology, New Taipei, Taiwan) were used to test for fecal occult blood following the manufacturer\'s protocol. The scoring method of Hamamoto ([@b19-etm-0-0-4701]) was used to calculate the rat DAI score and evaluate disease activity. The DAI score includes three aspects: Stool, faecal occult blood, and body weight loss, scored on a 0--4-point system. For body mass, points were distributed as follows; 0, no drop in body mass; 1, 1--5% drop in body mass; 2, 5--10% drop in body mass; 3, 10--15% drop in body mass; and 4, \>15% drop in body mass. For stool, points were distributed as follows; 0, normal stool; 2, loose stool; and 4, diarrhoea. For fecal occult blood, points were distributed as follows; 0, no blood; 2, positive; and 4, naked bloody stool. Normal stool was well formed or shaped; loose stool, not adhered to the anus, pasty, or semi-formed; and diarrhoea, shapeless and adhering to the anus. DAI was evaluated daily in a blinded manner by non-project team members as follows: DAI=(weight loss score+stool consistency score+fecal occult blood score)/3 ([@b20-etm-0-0-4701]).

### Colon pathology analysis in rats

After blood (10 ml) was sampled from the abdominal aorta, all rats were anesthetized with 10% chloral hydrate (300 mg/kg, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and sacrificed by decapitation. Colon tissues were harvested, fixed in 10% formalin for 24 h at 22°C, embedded in paraffin and cut into 4 µm sections. Haematoxylin and eosin staining was performed using paraffin sections. The histological score (HS) was determined by microscopically under a light microscope (Olympus Corp., Tokyo, Japan) examining stained paraffin sections using the scoring criteria of colonic histological activity index ([@b21-etm-0-0-4701]--[@b23-etm-0-0-4701]). Each sample was randomly selected from five perspectives to calculate the total score (0--10 points), including the infiltration degree of inflammatory cells, ulcers and lesion level ([Table I](#tI-etm-0-0-4701){ref-type="table"}). The HS assessment was completed by non-project team members under the guidance of a pathologist and blindly reviewed by specific members.

### Detection of colon myeloperoxidase activity

Colonic myeloperoxidase (MPO) activity was detected according to a previously described method ([@b24-etm-0-0-4701]). Colonic tissue was dissected 1 cm above the anus, washed with ice-cold saline and weighed. Subsequently, 1 ml hexadecyl trimethyl ammonium bromide (HTAB) buffer (0.5% HTAB 50 mmol; l PBS, pH 6.0; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used for tissue homogenisation. The tissue homogenate was centrifuged at 60,000 × g for 15 min at 4°C. The absorbance optical density (OD) 1 of 0.1 ml supernatant added with 2.9 ml 50 mmol/l phosphate buffered saline (PBS; containing 0.167 mg/ml *o*-dianisidine and 0.0005% H~2~O~2~) was immediately measured at 460 nm using a spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the absorbance OD2 was measured 1 min later. MPO activity was calculated as (OD2-OD1)/total protein (OD/mg protein).

### Detection of cytokines

The supernatants of fresh colon tissue and serum were carefully prepared and analysed following the protocol of a commercial liquid-phase chip kit (RECYMAG65K04; Merck KGaA). Serum cytokines \[interleukin (IL)-1α, IL-1β, ILl-18, epidermal growth factor (EGF) and vascular endothelial growth factor\] were expressed as pg/ml, and those in the tissues were expressed as pg/mg protein.

### Western blot analysis to detect occludin

Proteins in 100 mg colonic tissue homogenate were extracted using ice-cold radioimmunoprecipitation assaay lysis buffer with a final concentration of 1 mM PMSF at 4°C in an electric tissue homogenizer (ULTRA-TURRAX; IKA Industrie- und Kraftfahrzeugausrüstung GmbH, Konigswinter, Germany) at 250 × g for 5 sec, 5 times at 5 sec intervals, and incubated on ice for 20 min following homogenization. The supernatant was extracted by centrifugation at 12,000 × g for 20 min at 4°C. Protein concentrations were determined by using a bicinchoninic acid protein assay kit (Promega, Madison, WI, USA). Samples (30 µg) were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The membranes were then incubated in 5% skimmed milk powder for 2 h prior to the addition of primary rabbit anti-occludin polyclonal antibody (ab31721; 1:2,000; Abcam, Cambridge, MA, USA) and GAPDH rat antibody (TDY042, 1:20,000; Beijing TDY Biotech Co., Ltd., Beijing, China) and incubation at 4°C overnight. Membranes were subsequently incubated with peroxidase-conjugated goat anti-rabbit secondary antibody (1:20,000; cat. no. S001; Beijing TDY Biotech, Co., Ltd.) at room temperature for 2 h, and an ECL detection system (horseradish peroxidase substrate; WBKLS0500; EMD Millipore, Billerica, MA, USA) was used according to routine methods ([@b25-etm-0-0-4701]). The intensities of the protein bands were analysed using Gel-Pro 3.2 software (Media Cybernetics, Inc., Rockville, MD, USA). GAPDH protein was used as the internal control to normalize the protein loading. The experiment was performed in triplicate.

### Immunohistochemistry of occludin

Following conventional dehydration, embedding ([@b26-etm-0-0-4701]) and tissue slicing (thickness, 4 µm) of colon tissues, the paraffin sections were dewaxed and hydrated ([@b26-etm-0-0-4701]). The diluent primary rabbit anti-human occludin antibody (ab31721; 1:100; Abcam) was used after the tissue antigens were repaired in a high pressure cooker, \>120°C. Secondary antibody incubation was performed according to the instructions of the PV9000 secary antibody kit (Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China), followed by 3,3′-diaminobenzidine staining. Five images (mucosal layer) were randomly collected in each tissue slice at a magnification of ×400 under a light microscope for analysis using Image Plus 6.0 software (Media Cybernetics, Inc.). The OD was used to represent protein expression, and the total stained area was used to express the distribution and total expression area of the target protein.

### Determination of liver enzymes in rats

An automatic biochemical analyser (CX4 Pro; Beckman Coulter, Inc., Brea, CA, USA) ([@b27-etm-0-0-4701]) was used to detect serum alanine transaminase (ALT) and aspartate transaminase (AST) to assess the safety of IN.

### Statistical analysis

All data are expressed as the mean ± standard deviation, unless otherwise indicated, and were analysed with SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). The data that met the normal distribution and homogeneity of variance criteria were subjected to one-way analysis of variance and pairwise comparison was performed with the least significant difference test. The data that fulfilled normal distribution but did not meet the heterogeneity of variance criteria were subjected to Tamhane\'s T2 test for pairwise comparison. P\<0.05 was considered to indicate a statistically significant difference. The data that did not meet the normal distribution or homogeneity of variance criteria were subjected to non-parametric testing, with P\<0.008 following correction considered to indicate a statistically significant difference.

Results
=======

### DAI

All rats tolerated the experimental procedures well, and none succumbed to mortality during the study. Following *ad libitum* access to 3.5% DSS for two days, positive fecal occult blood began to appear in the DSS group; however, no marked change was observed in hair colour or weight (which are indicative of the health of rats). With an increase in DSS consumption, haematochezia was exacerbated and gross blood began to appear in the stool, together with the lack of hair colour lustre, slowing of activity and reaction to stimulus. The maximum DAI score was observed at 7 days. Compared with the chow group, DAI scores in the model group were significantly increased (P\<0.01; [Fig. 1](#f1-etm-0-0-4701){ref-type="fig"}). Furthermore, Mes treatment and all the IN treatments significantly attenuated the elevated DAI compared with the model group (P\<0.05; [Fig. 1](#f1-etm-0-0-4701){ref-type="fig"}).

### Mucosal histopathology changes in rats

Histological analysis demonstrated few inflammatory cells in the mucosa, and normal crypts and epithelial integrity in the chow group ([Fig. 2Aa](#f2-etm-0-0-4701){ref-type="fig"}). In the DSS model group, light microscopy of the colonic mucosa indicated congestion, edema and excessive infiltration of inflammatory cells, which were primarily neutrophils. There were very few goblet cells and the mucosa was continuously broken. Ulceration was observed deep into the submucosa, and the lesions were primarily concentrated from the mucosal layer to the submucosal layer ([Fig. 2Ab](#f2-etm-0-0-4701){ref-type="fig"}). Conversely, all treatment groups exhibited reduced congestion, oedema and infiltration of inflammatory cells ([Fig. 2Ac-f](#f2-etm-0-0-4701){ref-type="fig"}). Compared with the chow group, the colonic histopathological score of the model group was significantly higher (P\<0.01; [Fig. 2B](#f2-etm-0-0-4701){ref-type="fig"}). The mesalazine group and all IN groups exhibited significantly reduced colonic histopathologic scores compared with the model group (P\<0.01; [Fig. 2B](#f2-etm-0-0-4701){ref-type="fig"}).

### Activities of colon MPO

Compared with the chow group, the MPO activity in the colon was significantly higher in the DSS model group (P\<0.01; [Fig. 3](#f3-etm-0-0-4701){ref-type="fig"}). INM and INL treatments significantly decreased the MPO activities compared with the model group (P\<0.05; [Fig. 3](#f3-etm-0-0-4701){ref-type="fig"}). As presented in [Fig. 3](#f3-etm-0-0-4701){ref-type="fig"}, although the MPO in INH and Mes groups decreased, this was not statistically significant.

### Level of inflammatory cytokines

Compared with the chow group, the level of serum IL-1α in the model group increased, although this was not statistically significant ([Fig. 4A](#f4-etm-0-0-4701){ref-type="fig"}). The level of IL-1α and IL-1β in the colonic tissue of the model group, however, was increased significantly compared with the chow group (P\<0.01; [Fig. 4B](#f4-etm-0-0-4701){ref-type="fig"}), whereas levels of IL-1β were significantly increased in the model group compared with the chow group in both the serum (P\<0.05; [Fig. 4C](#f4-etm-0-0-4701){ref-type="fig"}) and colonic tissue (P\<0.01; [Fig. 4D](#f4-etm-0-0-4701){ref-type="fig"}). IL-18 levels were significantly increased in the model group compared with the chow group in the serum (P\<0.05; [Fig. 4E](#f4-etm-0-0-4701){ref-type="fig"}) and markedly in colonic tissue ([Fig. 4F](#f4-etm-0-0-4701){ref-type="fig"}). All IN treatments reduced the level of IL-1α IL-1β and IL-18 in the colonic tissue. In INH, a significant reduction was observed in the serum IL-1β (P\<0.05; [Fig. 4C](#f4-etm-0-0-4701){ref-type="fig"}) and IL-18 (P\<0.01; [Fig. 4E](#f4-etm-0-0-4701){ref-type="fig"}) levels, in addition to colonic IL-1α (P\<0.05; [Fig. 4B](#f4-etm-0-0-4701){ref-type="fig"}), IL-1β (P\<0.05; [Fig. 4D](#f4-etm-0-0-4701){ref-type="fig"}) and IL-18 (P\<0.01; [Fig. 4F](#f4-etm-0-0-4701){ref-type="fig"}) levels, in comparison with the model group. In INM, the serum levels of IL-1β (P\<0.01; [Fig. 4C](#f4-etm-0-0-4701){ref-type="fig"}) and IL-18 (P\<0.05; [Fig. 4E](#f4-etm-0-0-4701){ref-type="fig"}) were significantly reduced, while the colonic tissue exhibited significant reductions in IL-1α (P\<0.01; [Fig. 4B](#f4-etm-0-0-4701){ref-type="fig"}) and IL-1β (P\<0.01; [Fig. 4D](#f4-etm-0-0-4701){ref-type="fig"}) levels, compared with the model group. In INL, compared with the model group, the serum IL-18 level was significantly reduced (P\<0.05; [Fig. 4E](#f4-etm-0-0-4701){ref-type="fig"}), whereas the levels of IL-1α (P\<0.01; [Fig. 4B](#f4-etm-0-0-4701){ref-type="fig"}), IL-1β (P\<0.05; [Fig. 4D](#f4-etm-0-0-4701){ref-type="fig"}) and IL-18 (P\<0.01; [Fig. 4F](#f4-etm-0-0-4701){ref-type="fig"}) in the colonic tissue were significantly reduced. In the Mes group, although there was no significant difference in the serum levels of IL-1α, IL-1β or IL-18, the colonic tissue IL-1α (P\<0.01; [Fig. 4B](#f4-etm-0-0-4701){ref-type="fig"}), IL-1β (P\<0.01; [Fig. 4D](#f4-etm-0-0-4701){ref-type="fig"}) and IL-18 (P\<0.05; [Fig. 4F](#f4-etm-0-0-4701){ref-type="fig"}) levels were significantly reduced compared with the model group.

### Repair of colonic mucosal damage

Compared with the chow group, EGF and VEGF in serum and colonic tissues of the model group were decreased ([Fig. 5](#f5-etm-0-0-4701){ref-type="fig"}), with significant decreases observed in the serum EGF (P\<0.05; [Fig. 5A](#f5-etm-0-0-4701){ref-type="fig"}) and VEGF (P\<0.05; [Fig. 5C](#f5-etm-0-0-4701){ref-type="fig"}), and VEGF in the colonic tissue (P\<0.01; [Fig. 5D](#f5-etm-0-0-4701){ref-type="fig"}). Different doses of IN exhibited different effects in repairing colonic mucosal damage. Compared with the model group, the serum levels of EGF (P\<0.05; [Fig. 5A](#f5-etm-0-0-4701){ref-type="fig"}) and VEGF (P\<0.05; [Fig. 5C](#f5-etm-0-0-4701){ref-type="fig"}), and VEGF in the colonic tissue (P\<0.01; [Fig. 5D](#f5-etm-0-0-4701){ref-type="fig"}) in the INH group were significantly increased, whereas the INM group only exhibited a significant increase in serum VEGF levels (P\<0.05; [Fig. 5C](#f5-etm-0-0-4701){ref-type="fig"}) but not in serum EGF. The level of serum VEGF (P\<0.05; [Fig. 5C](#f5-etm-0-0-4701){ref-type="fig"}), colonic EGF (P\<0.01; [Fig. 5B](#f5-etm-0-0-4701){ref-type="fig"}) and VEGF (P\<0.05; [Fig. 5D](#f5-etm-0-0-4701){ref-type="fig"}) in the INL group were significantly increased compared with the model group. In the Mes group, the serum levels of EGF (P\<0.05; [Fig. 5A](#f5-etm-0-0-4701){ref-type="fig"}) and VEGF (P\<0.01; [Fig. 5C](#f5-etm-0-0-4701){ref-type="fig"}), and VEGF in the colonic tissue (P\<0.01; [Fig. 5D](#f5-etm-0-0-4701){ref-type="fig"}), were significantly increased compared with the model group.

The quantification of immunohistochemical results indicated that the occludin content in the model group was significantly lower than the chow group (P\<0.05; [Fig. 6A](#f6-etm-0-0-4701){ref-type="fig"}). The occludin content was significantly higher in the INH (P\<0.05) and Mes groups (P\<0.01) compared with the model group, whereas there was no significant increase in the INL group ([Fig. 6A](#f6-etm-0-0-4701){ref-type="fig"}).

The model and chow groups did not significantly differ with regard to occludin protein expression, nor did IN and Mes groups, although increasing trends were observed ([Fig. 6B](#f6-etm-0-0-4701){ref-type="fig"}).

### Liver injuries

To elucidate IN safety, serum AST and ALT were also assessed. In the model group, the serum AST and ALT increased, but no statistically significant difference was observed when compared with the chow group. All IN treatments demonstrated a good safety range, specifically the INH group, in which the AST and ALT were highly significantly reduced (both P\<0.01, [Fig. 7](#f7-etm-0-0-4701){ref-type="fig"}) compared with the model group. In the Mes group, the serum AST was significantly reduced (P\<0.05, vs. model group; [Fig. 7B](#f7-etm-0-0-4701){ref-type="fig"}), whereas no statistically significant difference was observed in ALT.

Discussion
==========

UC is a chronic IBD ([@b28-etm-0-0-4701]) and its symptoms include fatigue, a constant need to defecate, nausea, diarrhoea, rectal bleeding and abdominal pain, all of which markedly affect the quality of life for the patient ([@b29-etm-0-0-4701]). It is a chronic lifelong condition characterized by alternating flare-ups and remission; therefore, patients with UC have a higher incidence of colon cancer than the general population ([@b30-etm-0-0-4701]). Male sex, young age at UC diagnosis, and extensive colitis are risk factor for the development of colon cancer ([@b3-etm-0-0-4701]).

Multifactorial genetic basis, environmental factors, microbiota and immune system have all been implicated to serve important roles in the pathogenesis of IBD, which is driven by an exaggerated immune response towards the gut microbiome in a genetically susceptible host ([@b31-etm-0-0-4701],[@b32-etm-0-0-4701]). According to a previous study, the number of IBD association loci is as high as 201, of which 27 loci contribute specifically to the development of UC, including innate immunity, autophagy and inflammatory response such as IL-23 receptor expression ([@b33-etm-0-0-4701]), other immune-mediated diseases (STAT3), and susceptibility to *Mycobacterium* infection (IL-12B) ([@b34-etm-0-0-4701]). IBD is associated with an immunological imbalance of the intestinal mucosa, primarily associated with adaptive immune system cells, which respond to self-antigens and produce chronic inflammatory conditions in patients ([@b35-etm-0-0-4701]). In UC, there is a marked increase in the secretion of IL-13, which is the primary interleukin responsible for inflammation and chronicity ([@b36-etm-0-0-4701]). Furthermore, despite Th1 involvement, patients with UC also present a Th2 response, with increased secretion of IL-4, IL-5 and IL-9 ([@b36-etm-0-0-4701]). IL-1 genes are highly upregulated in the inflamed colonic mucosa of UC ([@b37-etm-0-0-4701]--[@b39-etm-0-0-4701]). IL-1 has been demonstrated to serve a pivotal role during acute phase response, wherein the α form of IL-1 is associated with exacerbations in Crohn\'s disease and the β form of IL-1 is associated with UC flares during the treatment of IBD patients ([@b40-etm-0-0-4701]). Furthermore, mononuclear cells in the lamina propria of UC patients may secrete more IL-1β ([@b41-etm-0-0-4701]).

EGF, which consists of a class of polypeptides secreted by salivary and duodenal glands, effectively promotes mitosis and ameliorates injuries ([@b42-etm-0-0-4701]). EGF enema has been reported to effectively treat left hemicolonic UC ([@b43-etm-0-0-4701]). In preliminary studies in humans, topical EGF improved the healing of skin wounds ([@b44-etm-0-0-4701]) and systemic EGF helped resolve necrotizing enterocolitis in neonates ([@b45-etm-0-0-4701]). VEGF, a type of protein that promotes angiogenesis, may be expressed in colonic epithelial cells, endothelial cells and the muscular layer, promoting the healing and regeneration of vascular injuries ([@b46-etm-0-0-4701]). A marked increase in VEGF gene expression and genes encoding the receptor Flt-1 has been observed in patients with active UC and these increased VEGF levels in serum and plasma in active UC patients may reflect VEGF overexpression in intestinal inflammatory tissue ([@b47-etm-0-0-4701]). In addition, neutralizing anti-VEGF antibody is able to significantly ameliorate experimental UC in rats, partly by reducing excessive vascular permeability and decreasing inflammatory cell infiltration via the Src-dependent mechanism ([@b48-etm-0-0-4701]). Injuries of the intestinal mucosal barrier, which is constituted by colonic epithelial tight junction proteins, are important pathological factors of UC, and the tight junction transmembrane protein occludin has an important role in maintaining this barrier ([@b49-etm-0-0-4701]). The occludin protein content in the colonic mucosa of patients with active UC was identified to be lower than those of healthy individuals and patients with UC in the remission stage. This suggests that occludin protein serves a major role in the pathogenesis of UC ([@b50-etm-0-0-4701]).

Current therapies primarily involve 5-ASA agents, corticosteroids and immunosuppressive agents, of which the 5-aminosalicylates have a potent inhibitory effect on a number of pro-inflammatory mediators released by the mucosa. These mediators include leukotrienes, IL-1 and tumour necrosis factor-α ([@b51-etm-0-0-4701]--[@b53-etm-0-0-4701]), with a response rate of 30--80%, depending on the endpoint used ([@b54-etm-0-0-4701]). However, although the mechanisms of 5-ASA action are numerous and not fully understood, they are of limited benefits. As for corticosteroids, despite a number of observed benefits, patient resistance to and dependency on corticosteroids are persisting problems ([@b55-etm-0-0-4701]). Immunosuppressive agents such as azathioprine are beneficial but may have serious side effects ([@b56-etm-0-0-4701]). Therefore, novel therapeutic approaches are required ([@b43-etm-0-0-4701]), necessitating the identification of novel agents to counter the limitations of current UC medications. In the present study, mesalazine was used as a positive control drug in order to compare between the groups in terms of different effects, e.g., mucosal histopathology changes, activities of colon MPO, levels of inflammatory cytokines and liver injuries.

Chinese herbal medicine has been demonstrated to be effective in treating UC diseases and has a broad scope for drug safety ([@b57-etm-0-0-4701],[@b58-etm-0-0-4701]). In the present study, DSS-induced rats were used as UC animal models. The rats exhibited morphological changes in stool and blood in stool. Colonic pathology indicated marked congestion, edema, ulcer and erosion, in addition to infiltration of inflammatory cells and disappearance of crypts, replicating the onset of human UC ([@b59-etm-0-0-4701]). The activity of MPO, which is primarily located in inflammatory cells, specifically in the cytoplasm of neutrophils, reflects the degree of tissue infiltration of inflammatory cells and is recognized as an important indicator of inflammation ([@b24-etm-0-0-4701]). Colon MPO activities of DSS-induced UC rats were reduced by all doses of IN used, which is consistent with the fact that IN may significantly ameliorate DSS-induced pathological injuries. The infiltration levels of colonic inflammatory cells and severity and inflammation ranges were significantly reduced by IN treatment. Cytokines, including inflammatory factors and EGF and VEGF, in serum and colonic tissues, were detected and the concentration of IL-1 concentrations in the IN treatment group decreased. The changing trends in serum and colonic tissue levels were consistent with more prominent changes in the colon, as mononuclear cells in the lamina propria of patients with UC secrete more IL-1β ([@b41-etm-0-0-4701]). Concentrations of IL-18 in the IN treatment groups were significantly reduced, with more marked changes observed in the serum. IL-18 has been demonstrated to markedly increase in the serum of patients with UC and serum IL-18, rather than colonic mucosal IL-18, may be an effective indicator to assess the disease activity of UC ([@b60-etm-0-0-4701]). However, changes in serum IL-1α in DSS-induced UC rats were not significant, although the levels were significantly increased in the colon. The primary reason for this may be that in DSS-induced UC rats, IL-1α is predominantly produced by colonic epithelial cells, whereas IL-1β originates in myeloid cells ([@b61-etm-0-0-4701]). IN increased the expression of serum EGF, in addition to serum and colonic VEGF, but the effect on colonic EGF was not significant. Immunohistochemistry and western blot analysis indicated that a high dose of IN enhanced the occludin content in the colonic mucosa, indicating that IN may be repairing tight junction proteins, promoting EGF and VEGF expression in the colon and serum and repairing colonic mucosal damage, thereby reversing disease activity. Although dose-dependency of IN treatment was observed in some aspects, further studies are required to make this clearer.

The historical use of IN over 1,000 years attests its safety, reliability and tolerability. This was confirmed by examining liver enzyme levels in response to IN treatment. All doses of IN evaluated exhibited a good safety range, specifically the INH group, in which the AST and ALT were significantly reduced compared with the model group.

In conclusion, IN had a positive effect on experimental UC by improving the inflammation by means of regulating pro-inflammatory factors and ameliorating colonic mucosal damage by repairing tight junction proteins. The present study demonstrated that IN may be an optimal agent for UC treatment due to its anti-inflammatory and colonic mucosal damage repair properties. Further experiments should focus on the in-depth investigation of the mechanisms of IN that modulate cytokines and tight junctions, in addition to the association between intestinal flora and the inflammatory immune response.

The present study was supported by G20 Project Support, The Beijing Municipal Science and Technology Plan (grant no. Z151100003815011; The Beijing municipal Science And Technology Commission, Beijing, China) and the Youth Fund of National Science Foundation of China (grant no. 81403369; State Natural Science Funds Commission, Beijing, China).

![Effect of IN on the detection of DAI. The Mes treatment and all the IN treatments significantly attenuated the elevated DAI. \*P\<0.05, \*\*P\<0.01 vs. chow group; ^Δ^P\<0.05, ^ΔΔ^P\<0.01 vs. model group. Data are presented as mean ± standard deviation. IN, indigo naturalis; DAI, disease activity index; Mes, mesalazine; a, chow group; b, model group; c, Mes group; d, IN high-dose group; e, IN medium-dose group; f, IN low-dose group.](etm-14-02-1327-g00){#f1-etm-0-0-4701}

![Mucosal histopathology changes in rat. (A) Haematoxylin and eosin stained paraffin sections of the (Aa) chow, (Ab) model, (Ac) Mes, (Ad) IN high-dose, (Ae) IN medium-dose, and (Af) IN low-dose groups. In the dextran sulphate sodium model group, the colonic mucosa indicates congestion, oedema and excessive infiltration of inflammatory cells. Magnification, ×40. (B) All treatment groups demonstrate reduced congestion, oedema and infiltration of inflammatory cells. Compared with the chow group, the colonic histopathological score of the model group was significantly higher. The Mes group and all IN groups had lower colonic histopathologic scores compared with the model group. \*\*P\<0.01 vs. chow group; ^ΔΔ^P\<0.01 vs. model group. Data are presented as mean ± standard deviation. Mes, mesalazine; IN, indigo naturalis; INH, IN high-dose; INM, IN medium-dose; INL, IN low-dose; a, chow group; b, model group; c, Mes group; d, IN high-dose group; e, IN medium-dose group; f, IN low-dose group.](etm-14-02-1327-g01){#f2-etm-0-0-4701}

![Detection of colon MPO activity. Compared with the chow group, the MPO activity in the colon was significantly higher in the dextran sulphate sodium model group. Both IN medium-dose and IN low-dose groups had low MPO activities. \*\*P\<0.01 vs. chow group; ^Δ^P\<0.05 vs. model group. Data are presented as mean ± standard deviation. MPO, myeloperoxidase; IN, indigo naturalis; a, chow group; b, model group; c, mesalazine group; d, IN high-dose group; e, IN medium-dose group; f, IN low-dose group.](etm-14-02-1327-g02){#f3-etm-0-0-4701}

![Inflammatory cytokine levels in serum and colonic tissue. (A) Serum IL-1α, (B) colonic IL-1α, (C) serum IL-1β, (D) colonic IL-1β, (E) serum IL-18, and (F) colonic IL-18 in the 6 groups. \*P\<0.05, \*\*P\<0.01 vs. chow group; ^Δ^P\<0.05, ^ΔΔ^P\<0.01 vs. model group. Data are presented as mean ± standard deviation. IL, interleukin; a, chow group; b, model group; c, mesalazine group; d, IN high-dose group; e, IN medium-dose group; f, IN low-dose group; IN, indigo naturalis.](etm-14-02-1327-g03){#f4-etm-0-0-4701}

![EGF and VEGF levels in serum and colonic tissue. (A) Serum EGF, (B) colonic EGF, (C) serum VEGF and (D) colonic VEGF levels in the six groups. \*P\<0.05, \*\*P\<0.01 vs. chow group; ^Δ^P\<0.05, ^ΔΔ^P\<0.01 vs. model group. Data are presented as mean ± standard deviation. EGF, epidermal growth factor; VEGF; vascular endothelial growth factor; a, chow group; b, model group; c, mesalazine group; d, IN high-dose group; e, IN medium-dose group; f, IN low-dose group; IN, indigo naturalis.](etm-14-02-1327-g04){#f5-etm-0-0-4701}

![Expression of occludin protein. Assessed using (A) immunohistochemistry in the the (Aa) chow, (Ab) model, (Ac) mesalazine, (Ad) IN high-dose, (Ae) IN medium-dose, and (Af) IN low-dose groups, and (B) western blot analysis quantification. Thank you for your response, please add your reference to the manuscript. Make sure to add the reference to the appropriate point in the references list, carefully updating all subsequent references and in-text citations accordingly. \*P\<0.05, \*\*P\<0.01 vs. chow group; ^Δ^P\<0.05, ^ΔΔ^P\<0.01 vs. model group. Data are presented as mean ± standard deviation. IN, indigo naturalis; a, chow group; b, model group; c, mesalazine group; d, IN high-dose group; e, IN medium-dose group; f, IN low-dose group; OD, optical density.](etm-14-02-1327-g05){#f6-etm-0-0-4701}

![Effect of IN on the serum concentration of ALT and AST. Concentration of serum (A) ALT and (B) AST in the six groups. ^Δ^P\<0.05, ^ΔΔ^P\<0.01 vs. model group. Data are presented as mean ± standard deviation. ALT, alanine transaminase; AST, aspartate transaminase; a, chow group; b, model group; c, mesalazine group; d, IN high-dose group; e, IN medium-dose group; f, IN low-dose group; IN, indigo naturalis.](etm-14-02-1327-g06){#f7-etm-0-0-4701}

###### 

Histological activity index scoring.

  Score   Inflammation                                                          Ulcer                            Layer
  ------- --------------------------------------------------------------------- -------------------------------- -----------
  0       A small amount of inflammatory cells in the lamina propria            None                             None
  1       More neutrophil granulocytes in the lamina propria                    1--2 ulcers                      Mucosa
  2       Infiltration of inflammatory cells to the submucosa                   3--4 ulcers                      Submucosa
  3       Permeability of inflammatory cells infiltration to the whole layers   Wide range or continuous ulcer   Muscle
  4       --                                                                    --                               Serosa
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